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•  Amitava	  	  BhaFacharjee,	  PI,	  Luca	  Comisso,	  Ammar	  Hakim,	  Jonathan	  Ng,	  and	  

Jason	  TenBarge*	  
Space	  Science	  Center,	  University	  of	  New	  Hampshire	  
•  Kai	  Germaschewski,	  Joachim	  Raeder,	  Liang	  Wang,	  and	  Kris	  Maynard	  
Los	  Alamos	  Na=onal	  Laboratory	  
•  William	  Daughton,	  Ari	  Le,	  and	  Adam	  Stanier	  
NASA	  Goddard	  Space	  Flight	  Center	  
•  Li-‐Jen	  Chen,	  John	  Dorelli,	  Alex	  Glocer,	  Christopher	  Bard,	  and	  Shan	  Wang	  
This	  is	  a	  highly	  leveraged	  program,	  involving	  faculty,	  research	  scien(sts,	  
postdoctoral	  fellows,	  and	  graduate	  students.	  Most	  par(cipants	  are	  supported	  
only	  par(ally	  by	  the	  NASA-‐NSF	  Collabora(on.	  	  	  
	  
Ph.	  D.	  Theses:	  Liang	  Wang	  (2014),	  Lijia	  Guo	  (2015),	  Kris	  Maynard	  (2018),	  Jonathan	  
Ng	  (2018)	  
	  
Team	  meets	  through	  monthly	  telecons,	  an	  all-‐hands	  mee(ng	  at	  Princeton	  every	  
Spring,	  and	  satellite	  mee(ngs	  at	  the	  Fall	  AGU/GEM	  mee(ngs.	  Organized	  Special	  
Session	  at	  Fall	  AGU	  Mee(ng.	  
•  Synergisms	  with	  astrophysical,	  fusion	  and	  high-‐energy-‐density	  plasma	  physics	  	  
	  
	  
	  



Primary	  Objec(ve	  

Deliver	  a	  global	  magnetosphere	  code	  to	  CCMC	  which	  
integrates	  extended	  MHD	  and	  kineDc	  effects,	  with	  
verificaDon	  and	  validaDon	  with	  observaDons.	  
	  
Today’s	  presenta=ons:	  
•  Integra(on	  of	  Extended	  MHD	  and	  Kine(c	  Effects	  into	  

Global	  Magnetosphere	  Models:	  Team	  Successes	  &	  
Future	  Direc(ons	  	  :	  A.	  BhaFacharjee,	  Princeton	  University	  

•  Next	  genera(on	  OpenGGCM:	  K.	  Germaschewski,	  UNH	  
•  Kine(c	  Simula(ons	  of	  MMS	  observa(ons	  :	  A.	  Le,	  LANL	  	  



Hybrid  ~1010 cells  ~ 1012 ions 

Mo(va(on:	  What	  simula(ons	  are	  feasible	  at	  the	  
petascale?	  

Fully	  Kine=c	  

VPIC	  
simula(on	  



Desiderata	  of	  Capabili(es	  (as	  stated	  in	  
original	  proposal)	  

•  Capability	  to	  study	  processes	  occurring	  at	  ion	  and	  electron	  scales	  (but	  with	  ar(ficial	  mass-‐
ra(o),	  including	  current	  layers	  and	  dissipa(on	  regions	  with	  scale	  separa(on	  between	  ions	  
and	  electrons	  (done),	  

•  Capability	  to	  include	  new	  equa(ons	  of	  state	  for	  the	  anisotropic	  and	  tensor	  electron	  and	  
ion	  pressure,	  with	  significant	  implica(ons	  for	  energy,	  magne(c	  flux,	  and	  par(cle	  transport	  	  
(done),	  

•  Capability	  to	  handle	  mul(ple	  ion	  species	  (such	  as	  hydrogen	  and	  oxygen),	  thus	  enabling	  the	  
coupled	  treatment	  of	  composi(on,	  wave	  and	  instability	  dynamics	  in	  the	  magnetosphere,	  
and	  its	  implica(ons	  for	  the	  onset	  of	  substorms	  and	  storms	  (done),	  	  

•  Efficient	  and	  flexible	  computer	  simula(on	  codes	  that	  use	  state-‐of-‐the-‐art	  algorithms	  and	  
scale	  to	  up	  to	  tens	  of	  thousands	  of	  processors	  on	  modern	  computa(onal	  architectures	  
(par(ally	  done),	  

•  Valida(on	  and	  verifica(on	  plan	  to	  model	  geospace	  that	  can	  be	  tested	  with	  spacecrah	  
observa(ons	  (par(ally	  done,	  primarily	  in	  the	  context	  of	  MMS)	  ,	  

•  Deliverable	  to	  NASA	  CCMC	  for	  community	  access	  (some	  modules	  have	  been	  delivered,	  
some	  are	  under	  way).	  

	  
And	  more…..	  
	  



Suite	  of	  Codes	  
•  Next	  Genera(on	  OpenGGCM	  (K.	  Germaschewski	  and	  J.	  Raeder,	  Leads):	  

OpenGGCM	  4.0	  is	  already	  available	  in	  CCMC	  and	  presently	  under	  use	  by	  
community	  	  

•  OpenGGCM	  5.0	  (including	  Rice	  ConvenDon	  Model	  to	  CCMC,	  Summer	  2017)	  	  	  
	  	  	  	  	  	  Next	  GeneraDon	  OpenGGCM	  will	  be	  made	  available	  in	  Fall,	  2017.	  	  
•  Gkeyll:	  Testbed	  for	  tes(ng	  equa(on	  of	  state	  closures	  in	  mul(-‐fluid	  formula(on	  

(A.	  Hakim,	  Lead)	  (Breakthrough,	  not	  anDcipated	  at	  the	  Dme	  of	  wriDng	  of	  the	  
original	  proposal)	  

	  	  	  	  	  	  Open	  source:	  hWps://bitbucket.org/ammarhakim/gkeyll	  
	  	  	  	  	  	  SimJournal:	  Complete	  and	  open	  journal	  for	  simulaDon	  use	  cases.	  
•  Fully	  Kine(c	  Codes	  VPIC	  (W.	  Daughton,	  Lead)	  and	  PSC	  (K.	  Germaschewski,	  

Lead):	  both	  Open	  Source	  
•  Mul(ple	  Ion	  Species:	  KepWOM	  (delivered	  2017)	  (A.	  Glocer,	  Lead)	  
•  Verifica(on	  and	  valida(on	  with	  MMS	  observa(ons	  (L.-‐J.	  Chen	  and	  J.	  Dorelli,	  

Leads).	  
	  
PSC/Gkeyll	  and	  VPIC	  have	  won	  DOE	  ALCC/INCITE	  grants	  for	  high-‐performance	  
compu(ng	  (~150	  million	  CPU	  hours/year	  on	  Titan	  at	  ORNL	  ).	  	  	  
	  
	  



Our	  Science	  Strategy	  	  
•  Develop	  kine(c	  closure	  rela(ons	  from	  first-‐principles	  
theory:	  (i)	  5-‐moment,	  (ii)	  10-‐moment,	  and	  (iii)	  20-‐
moment	  extensions	  

•  Test	  closure	  formula(ons	  through	  challenge	  problems	  
in	  GKEYLL:	  (1)	  The	  Ganymede	  problem,	  (2)	  The	  island	  
coalescence	  problem.	  Compare	  the	  results	  of	  GKEYLL	  
with	  PIC	  simula(ons.	  (Problem	  2	  has	  led	  to	  the	  
surprising	  discovery	  on	  the	  importance	  of	  ion	  kineDcs,	  
not	  foreseen	  in	  the	  original	  proposal.)	  

•  Couple	  GKEYLL	  and	  OpenGGCM	  
•  Verifica(on	  with	  other	  codes,	  and	  valida(on	  with	  MMS	  
data	  





Gkeyll:	  Founda(ons	  







Our	  presently	  implemented	  closure:	  local	  as	  well	  as	  non-‐local	  HammeF-‐Perkins	  (1990)	  	  







Nonlocal	  closure	  results	  –	  island	  coalescence	  
challenge	  problem	  

15	  

}  2-‐d	  model	  of	  “self-‐driven”	  reconnection	  
}  Ion	  physics	  is	  important	  in	  setting	  the	  reconnection	  rate	  [Stanier	  2015]	  
}  No	  adjustable	  parameters	  in	  this	  study	  when	  we	  use	  the	  nonlocal	  
closure	  of	  Hammett-‐Perkins.	  

	  
Current	  density	  at	  	  𝑡= 𝑡↓𝐴 	  



Diagonal	  components	  of	  ion	  pressure	  

16	  

}  Heat	  Hlux	  at	  the	  x-‐point	  
is	  crucial	  for	  better	  
agreement	  with	  PIC	  

𝑝↓𝑥𝑥 	  

𝑝↓𝑦𝑦 	  

𝑝↓𝑧𝑧 	  



Ion	  agyrotropy	  –	  nonlocal	  closure	  
shows	  good	  agreement	  
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PSC 
Nonlocal closure 

















The Ganymede Challenge 
Problem  
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We expect the extended MHD and kinetic effects to shape 
the global structure and dynamics of Ganymede’s 
magnetosphere










Summary	  and	  Future	  Plans	  
•  This	  project	  requires	  progress	  on	  three	  major	  fronts:	  	  

	  (i)	  development	  of	  substan(al	  first-‐principle	  theory	  that	  is	  tested	  
by	  challenge	  problems	  in	  realizing	  kine(c	  closures	  that	  can	  be	  
incorporated	  in	  fluid	  models	  everywhere	  in	  the	  plasma	  as	  a	  uniformly	  
valid	  approxima(on.	  

	  (ii)	  Our	  PIC	  and	  XMHD	  codes,	  which	  are	  Open	  source,	  incorporate	  
state-‐of-‐the-‐art	  algorithms	  and	  high-‐performance	  compu(ng	  
prac(ces,	  are	  ported	  to	  mul(ple	  plaqorms	  (such	  as	  GPUs,	  for	  the	  PSC),	  
required	  by	  DOE	  INCITE	  and	  ALCC	  programs.	  

	  (iii)	  GKEYLL	  mathema(cal	  formula(on	  and	  computa(onal	  
implementa(on	  represents	  a	  major	  advance	  in	  mul(-‐fluid	  physics	  of	  
the	  magnetosphere.	  Since	  it	  treats	  all	  charged	  par(cles	  on	  an	  equal	  
foo(ng,	  it	  enables	  straighqorward	  implementa(on	  of	  heavy	  ions	  (such	  
as	  oxygen	  in	  the	  magnetosphere).	  



Summary	  and	  Future	  Plans	  (con(nued)	  

•  Valida(on	  with	  new	  data	  from	  MMS,	  represents	  a	  great	  
opportunity	  to	  test	  reconnec(on	  and	  turbulence	  physics	  on	  
electrons	  and	  ion	  scales.	  

	  	  	  	  	  Remark:	  While	  our	  goal	  is	  to	  deliver	  a	  global	  simula(on	  code	  for	  
space	  weather	  applica(ons	  which	  includes	  both	  electron	  and	  ion	  
kine(c	  physics,	  the	  ability	  or	  the	  need	  to	  capture	  all	  scales	  is	  
determined	  by	  the	  applica(on	  at	  hand.	  In	  some	  global	  cases,	  it	  may	  be	  
sufficient	  to	  capture	  important	  ion	  kine(c	  scales	  without	  resolving	  
electron	  scales.	  In	  all	  cases,	  it	  is	  very	  important	  to	  recognize	  what	  is	  
included,	  and	  what	  is	  omiFed.	  

	  Extensive	  verificaDon,	  validaDon,	  and	  predicDon	  exercises	  will	  be	  
our	  focus	  for	  the	  next	  phase	  of	  our	  program.	  MMS	  magnetotail	  
program	  on	  substorms,	  provides	  a	  great	  opportunity.	  	  	  	  	  

	  	  



Summary	  and	  Future	  Plans	  (con(nued)	  
•  We	  will	  deliver	  both	  Next	  Genera(on	  OpenGGCM	  and	  Gkeyll	  to	  CCMC,	  

where	  the	  capability	  of	  CCMC	  present	  compu(ng	  clusters	  can	  be	  used	  to	  
make	  useful	  runs.	  

•  Gkeyll,	  VPIC	  and	  PSC,	  while	  Open	  Source	  and	  with	  excellent	  scaling	  
proper(es,	  require	  computa(onal	  resources	  well	  beyond	  CCMC	  compu(ng	  
plaqorms.	  We	  will	  provide	  a	  data	  sets	  from	  our	  CPU-‐intensive	  simula(ons	  
for	  CCMC	  archives.	  	  

•  In	  2021,	  the	  first	  exascale	  computer	  in	  the	  US	  will	  be	  in	  place	  (probably	  in	  
ANL).	  PPPL	  has	  been	  iden(fied	  as	  a	  hub	  of	  the	  Exascale	  Compu(ng	  Program	  
in	  magne(zed	  plasmas,	  making	  use	  of	  a	  sohware	  environment	  for	  next-‐
genera(on	  petascale	  and	  exascale	  compu(ng	  plaqorms.	  

•  There	  is	  significant	  room	  for	  machine	  learning	  algorithms	  for	  datasets	  (from	  
observa(ons	  as	  well	  as	  computer	  simula(ons).	  NASA	  is	  already	  thinking	  
about	  some	  of	  these	  issues	  (work	  under	  way	  by	  the	  Ad	  Hoc	  Big	  Data	  Task	  
Force).	  	  

•  Strategic	  capabili(es	  should	  be	  thought	  of	  as	  par(cipants	  in	  the	  broad	  
context	  of	  high-‐performance	  compu(ng,	  and	  leaders	  in	  the	  realm	  of	  space	  
weather.	  We	  should	  build	  on	  strong	  partnerships	  between	  NASA,	  NSF,	  and	  
DOE,	  as	  recommended	  by	  the	  DRIVE	  ini(a(ve.	  This	  is	  a	  win-‐win	  opportunity.	  	  	  

	  	  	  	  	  	  


